ments to improve reproductive traits in swine are available. Two experiments with intent of increasing litter size had promising early results (Ollivier, 1973; Zimmerman and Cunningham, 1975) , but early trends did not persist into later generations (Cunningham et al., 1979; Ollivier and Bolet, 1981; Ollivier, 1982) .
Selection for increased Litter size has been effective in mice (Bradford, 1968; Falconer, 1971; Joakimsen and Baker, 1977) ; thus, one might also expect it to be effective in swine. Selection for increased ovulation rate in mice was directly effective but did not immediately result in increased litter size (Bradford, 1969; Land and Falconer, 1969 (1969) reported that litter size increased in generations 10 to 15 of selection for increased ovulation rate and additional response in litter size occurred after selection for ovulation rate was relaxed. The potential to increase litter size in swine by selecting for increased ovulation rate or by selecting for increased ovulation rate and then for large litters needs to be investigated. Hixon et al. (1987) successfully selected for increased and decreased age at puberty, but the experiment was small, and only one generation of selection was practiced. Divergent selection for age at vaginal opening, a trait correlated with puberty, was effective in mice (Drickm e r , 1981); however, no experiments in which selection was directly for early age at puberty in mice have been reported. Responses to selection for decreased age at puberty in swine need to be investigated.
The objectives of this study with pigs were to estimate 1) responses in litter size to selection for increased ovulation rate, 2) responses in litter size and Ovulation rate to relaxation of selection for increased ovulation rate, 3) response to direct selection for increased litter size in a line previously selected for high ovulation rate, and 4) response to selection for decreased age at puberty.
Materlals and Methods

Population and Management
The study was conducted with the Nebraska Gene Pool population, a 14-breed composite that was closed in 1965. Lines selected for high ovulation rate (OR) or randomly (C) were established in 1967 (Zimmerman and Cunningham, 1975) and cozltinued for nine generations (Cunningham et al., 1979) . Throughout this first phase of the experiment, lines were maintained with approximately 40 litters by 15 sires per generation. During selection for ovulation rate, the population was located at the University of Nebraska swine research center at Lincoln.
After their first litters were weaned, selected generation-8 dams of the OR line were mated to selected generation-8 boars. The progeny of these parents were used to develop a line ( R S ) in which selection for d a t i o n rate was relaxed. The same system of mating selected parents from generation 8 was used in line C.
hogeny from the second-parity sows of both lines were delivered by Caesarean section and placed in new facilities at the University of Nebraska, Lincoln, Agricultural Research and Development Center, Mead, NE. At least one gilt per litter and two boars per half-sib family (one designated as a breeder and the other as an alternate) were moved to the Agricultural Research and Development Center. These boars and gilts were randomly mated within line to produce generation 10. A total of 32 litters were born in the C line and 26 litters were born in the RS line in generation 10. In each line, one boar per half-sib family was used as a breeder, and all gilts were retained for breeding. They were randomly mated to produce generation-1 1 progeny, which were used to initiate the second phase of the experiment.
The second selection phase, illustrated in Figure 1 , began with progeny from generation 11. Litters of weanling pigs from the RS line were randomly assigned to lines to be selected for decreased age at first estrus (AP), increased litter size at birth (LS), or randomly (RS).
Litters were assigned to lines on the basis of pedigree of dam. Seventy-four litters were born in generation 11 in the OR line. Dams of these litters were from 23 litters by 15 sires produced in generation 10. Litters of dams that were full-sisters were randomly assigned to the AP, LS, or RS lines. Eighteen of the 23 fullsib families of dams were represented by three or more gilts and contributed to each line. The 74 base-generation litters also were sired by 15 boars, one per paternal half-sib family. All 15 maternal grandsire and sire half-sib families were represented in each line. Eighty-six litters were born in the C line in generation 11. Fifty-five of these litters were randomly selected, with the stipulation that there be at least one from each half-sib family, and one gilt was randomly selected from each of these litters. These gilts were mated to 15 randomly selected boars, one per half-sib family, to continue the C line.
Eight generations of selection for litter size and age at puberty were completed. Selection was initiated among generation-11 progeny based on size of the litter in which pigs were born or gilt's age at fist estrus, respectively, in the LS and AP lines. Selections in the RS and C lines were random. was determined that nearly all gilts were mated at their third, fourth, or fifth estrous period, but a small number were mated at their second or sixth estrous period. Full-and half-sib matings were avoided, otherwise, matings were random. A system of hand mating was used, and gilts were maintained in stalls during the gestation period.
Statistical Analyses
Selection for Ovulation Rate. Cunningham et al. (1979) reported correlated response in litter size to selection for ovulation rate. They used data from generations 0 through 9. Howevw, gilts measured for litter size in generation 0 were selected for ovulation rate, and this was not considered in their analyses. Also, more data are now available for generation 9 because second matings of selected generation-8 sows and boars produced generation-9 females that farrowed at the Agricultural Research and Development Center.
Data were analyzed including litters from generation -1, for which dams were not selected, and the second measure of generation 9 to determine response in litter size to selection for owlation rate. Linegeneration means weighted by the number of observations per mean were regressed on generation number, and the difference between regressions for the OR and C lines was used to estimate response to selection.
Relaxed Selection for Ovulation Rate. B e cause the RS and L S l i e s both were formed from the OR line, it was first necessary to determine genetic changes in litter size during the period of relaxed selection in the RS line to determine whether the RS line, the C line, or both of these lines were appropriate controls for measuring response in the LS line. Selection for litter size was terminated after eight generations (generation-18 dams). All lines then went into an evaluation period, during which they were maintained with random selection and mating. Thus, lines RS and C were mated randomly from generations 10 to 20 and means for these generations for the RS and C lines were used to estimate response in litter size to relaxed selection for ovulation rate. Means weighted by number of observations per mean were regressed on generation number. Selection for Litter Size and Age at Puberty.
Traits considered were litter size in all lines and age at puberty in the RS and AP lines.
Means weighted by number of observations per mean were regressed on generation number within each line. Realized heritability for litter size was estimated by regressing generation means of the LS, RS, and C lines on cumulative selection differential, weighted by number of offspring, while simultaneously fitting generation number (Richardson et al., 1968 selection differentials of dams of selected males and females, respectively, in generation i. Selection differentials for males were calculated from the selection differential for the dam of each selected male weighted by the number of its daughters measured in the subsequent generation, and M, the average selection differential, was calculated. Selection differentials for females were calculated from the selection differential on each female weighted by the number of daughters that farrowed in the next generation. These selection differentials were averaged to obtain F, the mean selection differential. For age at puberty, a similar procedure was used except that generation means of the AP and RS lines were used. Selection was practiced only among females, and their selection differentials were weighted by the number of daughters measured for puberty in the next generation. Average weighted selection differentials for both litter size and age at puberty were summed to calculate cumulative selection differentials that were fitted to the following model: Yij = 8.. + g.j + BZ,j + Qj, where Yij = mean for the j* generation of the i* line, a. = the expected performance of the base population, g.j = the environmental effect common to each line in the j* generation, B = the linear regression coefficient on the cumulative selection differential (qj) of the ih line in the j* generation, and E,j = random error. Weighted least squares procedures were used and the weighting factor was nij, the number of observations in the mean for the j* generation and i* line. Realized heritabilities were calculated as twice the regressions on CSD. Standard errors of regression coefficients and the realized heritabilities were calculated to include residual variation from the regression plus an increment due to drift variance (Hill, 1972 (Hill, , 1977 . Calculation of drift variance was based on inbreeding accumulated since the initiation of selection for litter size and age at puberty. Mixed-Model Analyses. Data also were fitted to an animal model to estimate genetic trends. Analyses were done overall (the period from 1967 to 1987; generations 0 to 18) and separately for the period of selection for ovulation rate (generations 0 to 9) and the period of selection for litter size and age at puberty (generations 10 to 18). The following model was used: y = XB + Zlul + &u2 + e, where y = N x 1 vector of observations, X = N x p incidence matrix, B = p x 1 vector of year effects, 2 1 = N x q1 matrix relating litter environmental effects to observations, Z , = N x e matrix relating additive genetic effects to observations, u1 = q1 x 1 vector of random litter environmental effects, u2 = 92 x 1 vector of random effects of additive genetic merit, and e = N x 1 vector of random error. Random effects were assumed to be distributed as follows: u1-(OyI4), uz-(O,A<), and e-(O,I$), where 4, 4, and 2 represent litter, additive genetic, and error variances, respectively; A is the numerator relationship matrix calculated from generation 0, base year of 1967, and I is the identity matrix. Covariances among random effects ul, u2, and e were assumed to be zero. Genetic effects of animals were predicted, average values were calculated for each line-generation, and these values were plotted to illustrate genetic trends.
Estimates of variance components were obtained by two methods. The REML proce dure (Patterson and Thompson, 1971 ) was used for data from 1978 through 1987. This is the preferred method because it accounts for selection. However, it is difficult to do if matrices are large and could not be accomplished on pooled data from a l l lines over all generations. The upper limit on number of observations that could be analyzed by REML was about 1,ooO. thus, estimates of variance components only were obtained within each line for litter size. Pseudo-expectation (Schaeffer, 1986 ) is an approximation to REML that can be accomplished on large data sets. Estimates of variance components were obtained by this method over all generations and separately for the first and last phases of the experiment.
Results and Discussion
Selection for Ovulation Rate. Cunningham et al. (1979) reported an average response of .44 corpora lutea per generation over nine generations of selection for ovulation rate and Means for the C and RS lines for the period of relaxed selection also are plotted in Figure  2 . Litter size for the RS line was larger than for the C line in each of the 11 generations of relaxed selection ( Table 2 ) . The average difference during this period was .74 f .20 pigs per litter, very similar to the difference predicted at generation 9.
Litter size increased for both the RS and C lines during the period of relaxed selection (Figure 2 ) , presumably due to positive environmental trend. However, relaxed selection had little effect on differences between lines.
Descriptive statistics are presented in Table 2 and regressions of line means on generation number in Figure 2 . Response in the RS line above the response that occurred in the C line was not significant and was estimated to be .033 f .048 pigs per generation. There was no consistent pattern in differences between the RS and C lines.
Best linear unbiased predictions of breeding values for litter size of all lines beginning with the initiation of selection for Ovulation rate are presented in Figure 3 . This graph clearly shows a divergence in litter size between the OR and C lines, indicating that selection for increased ovulation rate increased litter size. The difference between lines in estimated breeding value was .71 pigs at generation 9. No convergence was evident since relaxation of selection. About 75% of the total response in ovulation rate at generation 9 in the OR line compared with the C line was maintained in the RS line during the period of random selection. This reduction in the difference between lines suggests that p& of the increased ovulation rate was due to selection for. effects of combinations of genes (epistasis).
Selection must be continued to maintain combinations of genes with positive effects unless selection has fixed these genes in the population, quite unlikely for an experiment of this duration. Recombination of genes occurred in the RS line during the period of random selection and could have caused a reduction in the difference between the RS and C lines if epistatic gene effects were important.
The total response in litter size in the OR line was maintained in the RS line during the period of random selection. Thus, mean ovulation rate of the RS line was sufficiently high that a decrease of one egg in the difference between the RS and C lines did not cause a reduction in the difference in litter size. Twenty percent of the additional ovulations due to genetic selection were represented by a pig at birth during the selection phase, and 26% (.74/2.86) of the increase in ovulation rate maintained during random selection was represented by a pig at birth.
Fifteen generations of random selection within litters followed 15 generations of selection for ovulation rate in mice (Bradford, 1979) . Litter size increased significantly during this period, but this response was due to divergence between lines that occurred from generations 25 to 30. Bradford (1979) suggested that natural selection among embryos after implantation resulted in improvement in genetic potential for prenatal survival and caused the improvement in litter size. The increase in litter size during a period of random selection following selection for ovulation rate observed in mice was not evident in our experiment with swine.
Effects of genetic increases in ovulation rate on litter size observed in this experiment are similar to results of other methods of increasing the potential number of viable embryos. For example, superinduction (Longenecker and Day, 1968; Lamberson and Day, 1986) has not resulted in substantially increased litter size past 40 d of gestation.
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[r the increase in litter size relative to the change in ovulation rate, but rather by the increase in litter size from this method relative to other methods of selection. Johnson et al. (1984) predicted that response to direct selection for litter size would be .12 pigs per generation in a population of similar size to that used in om experiment. Observed response to selection for ovulation rate was about 75% of this value.
Direct Selection for Increased Litter Size. An important consideration in estimating response to selection for litter size in the highovulating line is whether the RS line changed genetically relative to the C line. If it did, the RS Line is the proper control for the LS line; if not, both the RS and C lines can be used as controls.
Direct selection for increased litter size was practiced for eight generations in the line previously selected for ovulation rate. Two generations of random selection separated the two phases. During the period of random selection, litter size increased more in the RS line than in the C line. However, the rate of increase was not significant (Figure 2 ). There also was an upward trend in predicted breeding values for both lines during this period ( Figure  3) . Regressions of breeding values on generation were .044 for the C line and .097 for the (Figure 2 ). Third, realized selection differentials in both the RS and C lines were nearly identical (Table 2) . Because withinfamily selection was used, there was little opportunity for natural selection to change E 1.5
LINE C LINE OR(RS) LINE LS LINE AP
. uterine capacity or embryo survival in the RS line.
Descriptive statistics for litter size are presented in Table 2 . Litter size increased in all lines from generations 10 to 18. Cumulative standardized selection differentials were 1.32, .74, 6.26, and 1.29 for the C, RS, LS, and AF' lines, respectively.
Inbreeding accumulated most rapidly in the LS line, and rate of inbreeding was similar for other lines during the second phase of the experiment (Table 3) . Mean inbreeding for generation-1 1 progeny was 5.9% for the C line and 6.3% for the (OR/RS) line when calculated from a base of generation 0 in 1967. Over the entire experiment, mean inbreeding of generation-19 progeny ranged from 14.5% for the C line to 19.1% for the LS line.
The regression of response in LS on cumulative selection differential was ,074 f .023 pigs; the realized heritability was .15 f .05. Environmental effects, assumed to be equal for the LS, RS, and C lines, and genetic response to eight generations of selection, predicted as .5h2 x CSD, for each line are plotted in Figure 4 . Response in litter size to eight generations of selection was estimated to be 1.06 pigs, twice as large as the increase of .48 pigs in predicted breeding value for the LS line compared with the mean of the RS and C lines (Figure 3) .
Results of the only other selection experiment in which several generations of selection for litter size in swine was practiced were reported by Ollivier and Bolet (1981) , Ollivier (1982) , and Bolet et al. (1989) . Early results were promising, but after 11 generations select and control lines differed very little. Realized heritability was .04 f .13 for the mean litter size of the dam's first two litters, the criterion of selection. Selection in our experiment was in a high-ovulating line, whereas they practiced selection in a population previously unselected for ovulation rate. Selection pressure on component traits may have been different in the two experiments; this could have caused responses to differ (Johnson et al., 1984; Bennett and Leymaster, 1989) . Furthermore, delayed puberty of gilts in the experiment conducted in France caused substantially fewer litters than planned for in some generations and selection differentials were lower than expected (Ollivier and Bolet, 1981) . They introduced some outside stocks into the lines midway through the experiment to correct the problem. Thus, important differences between the experiment done in France and our experiment hinder interpretations of the different results.
Age at Puberry. Descriptive statistics for age at puberty are given in Table 4 . Regressions of line means on generation number are shown in Figure 5 , and genetic and environmental trends, calculated from results of analysis by the method of Richardson et al. (1968) , are shown in Figure 6 .
Age at puberty steadily decreased over eight generations of selection. The response was -1.64 f . No genetic changes in litter size from this selection were apparent (Figure 3) . S e c o n w selection differentials for litter size in the AP line were similar to those for litter size in the Lhickamer (1983) found that litter size, survival of pups, and fertility were not affected by selection for age at sexual maturation.
Our results with swine agree with those for mice, but realized heritability was lower in swine. Similarly, realized heritability for age at puberty was about half as large as the estimate of .53 obtained from the sire component of variance using data from the first selection phase of this experiment (Young et al., 1978) . Young and coworkers also obtained very small estimates of genetic correlations of age at puberty with ovulation rate and litter size. Lack of change in litter size from selection for age at puberty in our experiment supports the earlier findings. As in the mouse, age at puberty and litter size seem not to be genetically correlated.
The distributions of age at puberty for the Figure 8 . Selection did not reduce the variation in age at puberty in later generations ( Table 4) . The distribution of age at puberty was slightly skewed; selection simply reduced the mean of the distribution and did not change its shape. Mixed-Model Analyses. Estimates of heritability, proportion of variance due to nonadditive genetic and environmental effects common to litters, and phenotypic standard deviations obtained from mixed-model analyses are shown in Table 5 . Within-line analyses were done by the methods of pseudoexpectation and REML for litter size, but only by pseudoexpectation for age at puberty. Estimates obtained by regression of daughter on dam are presented for comparison purposes. Variance in age at puberty due to common litter effects was large and averaged 13% for the RS and AP lines during the second phase of the experiment. Several environmental factors probably contributed to this effect. Most important of these likely was the tendency for sisters to be penned together until they had been observed to be in estrus. 
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Bcomplete relationship matrix over all generations of the experiment was used. baughteraam regression estimate.
'C = control, RS = relaxed selection, LS = litter size, and AP = age at puberty.
Movement of pigs was based on age. Thus, sisters were often penned together in the nursery and were often in the same or adjacent pens in the modified open-front buildings.
Exposure to boars also was initiated on the same day for most sisters. Thus, preweaning environmental effects common to sisters, such as size of litter in which gilts were raised, are confounded with those induced by postweaning management in this experiment.
Estimates of heritability of age at puberty from daughter-dam regression were much higher than those obtained from pseudoexpectation or the realized heritability. The explanation for this finding is not clear.
lmpllcatlons
Ovulation rate, litter size, and age at puberty can be changed by selection. Selection for only ovulation rate, however, is not an efficient way to increase litter size. Because litter size is lowly heritable, response to selection will likely be quite erratic from one generation to the next unless population size is large, but responses close to those pdicted from estimates of heritability should be realized. Age at puberty will respond to selection.
No accompanying changes in litter size are expected. The long-term effects of changes in age at puberty on reprcductive efficiency of the sow herd need to be evaluated.
